ABSTRACT
INTRODUCTION
A tectonic scarp along a fault, as a geomorphic signature of surface rupture, demonstrates the fault's capacity to produce earthquakes. In addition, by providing clues to the frequency and size of past earthquakes, the scarp may help define the hazard that the fault poses. Until 1998, scarps played little role in defining seismic hazards around Puget Sound, northwestern continental United States. This subduction-zone region, home to three million people, faces earthquakes from a multitude of sources, the nearest of these being faults within the overriding North American plate (Fig. 1) . Geologists used to despair over finding scarps from such faults because the landscape around Puget Sound is covered with 16 ka glacial deposits, forests, and houses. Recent, detailed topographic maps based on airborne laser surveys show that the region has no fewer than seven scarps in two urban fault zones. Four of these scarps have histories of postglacial earthquakes that have been confirmed by trenching and radiocarbon dating (Wilson et al., 1979; Nelson et al., 2002) (Figs. 2B, 2C) . Here, as an example, we show that nearsurface rupture produced Holocene scarps along a geophysical lineament that bounds an area of shoreline uplift and subsidence and projects through the city of Tacoma. *E-mail: bsherrod@ess.washington.edu.
Near-surface faults in the Puget Sound region accommodate contraction of western Washington between the Coast Ranges of Oregon and British Columbia (Wells et al., 1998) (Fig. 1) . The contraction has produced east-trending uplifts, basins, and associated reverse faults that traverse Puget Sound (Fig.  2B) . The faults, which separate areas of coastal uplift and subsidence (Fig. 2C) , were first identified from geophysical lineaments (Danes et al., 1965) . New geophysical data (Brocher et al., 2001 ) confirm that one fault zone passes beneath Seattle and another beneath Tacoma (Figs. 2D-2F ). The Seattle fault zone marks the northern edge of an area of crustal uplift, the Seattle uplift, whereas the Tacoma fault zone bounds this uplift on the south (Pratt et al., 1997; Johnson et al., 1999; Brocher et al., 2001; Blakely et al., 2002) . The two zones probably have similar structural relief-as much as 10 km since the Eocene for the Seattle fault-because they coincide with geophysical anomalies of similar amplitude.
TACOMA FAULT ZONE GEOPHYSICS
The Tacoma fault zone consists of several geophysical lineaments along the southern and western flanks of the Seattle uplift. Two prominent geophysical lineaments are the signature of the Tacoma fault zone, and extend at least 50 km from Hood Canal through the city of Tacoma (Brocher et al., 2001) . Two lesser lineaments broaden the signature along the eastern part of the fault zone (labeled lineaments D and E in Figs. 2D-2F ). Anomaly amplitudes increase to the west along the prominent lineaments, interpreted as a westward increase in structural relief accommodated by the Tacoma fault zone (Brocher et al., 2001) . Along the western end of the fault zone (near lineament C), inferences from seismic tomography and seismic reflection data suggest 6-7 km of north-side-up structural relief on the top of Eocene basalt.
LIDAR MAPPING OF FAULT SCARPS
To study the recentness of movement on the Tacoma fault zone, we looked for fault scarps by means of lidar (light distance and ranging). This airborne laser mapping uses two-way traveltimes of laser light pulses to detect as little as 15 cm of relative relief on the forest floor. (Additional information on lidar mapping in Puget Sound and Web-viewable topographic images are available at http:// www.pugetsoundlidar.org.) The lowest returns of laser pulses yield digital elevation models of the ground surface (Haugerud and Harding, 2001; Haugerud et al., 2003) .
Lidar mapping along the Tacoma fault zone reveals fault scarps near Allyn, Washington. These south-facing scarps-invisible on aerial photographs (Fig. 3A) but conspicuous in lidar images (Figs. 3B, 3C )-cut across glacial lineations left by the last glacial advance into Puget Sound ca. 16. ka (Porter and Swanson, 1998) . The scarps are as high as 4 m.
FAULT-SCARP EXCAVATION
An excavation across one scarp, named Catfish Lake scarp, showed evidence of postglacial folding and a small amount of faulting. The excavation exposed late Quaternary glacial sediments (till, sand, and gravel-filled channels) deposited by last-glacial ice sheets (Booth, 1994) , and an oxidized surface soil developed on till (Fig. 3D) . Deformation observed in the till is consistent with both glacial ice flow and movement on the Tacoma fault. However, a platy B/E horizon of the surface soil is displaced by a fault (F3) with ϳ30 cm of reverse offset. Folding of till fabrics is defined by stratified pebbles and imbricated clasts. Pebble layers in the north half of the trench are almost horizontal, whereas similar layers in the south half of the trench dip to the south. Imbricated clasts are more steeply inclined to the north on the north side of F3 and are almost subhorizontal to the south of F3. The break between the two fabric orientations occurs near F3, the fault that offsets a Holocene soil horizon, and both fabrics suggest anticlinal folding. No organic material suitable for radiocarbon dating was present. Folded and faulted glacial deposits show that most of the deformation and scarp height (Ͼ2 m) postdate deposition by the ice sheet, which ended in this area ca. 16 ka (Porter and Swanson, 1998) .
EVIDENCE FOR COASTAL DEFORMATION
The scarps coincide with deformed shorelines that straddle the fault and point to an earthquake between A.D. 770 and 1160 (Figs.  3B and 4) . A raised tidal flat observed along the north side of the fault in Case Inlet suggests late Holocene uplift (Fig. 3B) . Differences between the modern and raised shoreline elevations, taken from profiles of the lidar data, show ϳ4 m of uplift. Uplifted tidal-flat deposits observed at several sites along the north side of the fault contain marine fossils. Paleoecology of the tidal-flat deposits and overlying upland soils requires at least 1.5 m of uplift to change a tidal flat into a freshwater swamp or meadow (Bucknam et al., 1992; Sherrod, 1999 Sherrod, , 2001 . Plant fossils within the tidal-flat deposits and from overlying freshwater peat limit uplift to between A.D. 770 and 1160. Microfossils recovered from sediments beneath an intertidal marsh at Dumas Bay show that the site remained in the upper intertidal zone while sites to the west were uplifted. The area south of the fault subsided between A.D. 980 and 1190, as shown by a radiocarbon age on the outermost rings of a tree stump (Douglas fir) found in growth position partially exposed on a modern tidal flat at Wollochet Bay (Fig. 4) .
Radiocarbon ages from uplifted and submerged coastal sites along the Tacoma fault constrain the timing of deformation between A.D. 770 and 1160. An age from leaf bases of Triglochin maritima that grew on a freshly uplifted tidal-flat surface at Lynch Cove constrains uplift to shortly before A.D. 880-980. Similarly, freshwater peat deposited between A.D. 1000 and 770 at Burley overlies sand vented onto a raised tidal flat, implying that the ground shook hard enough to liquefy during uplift. At other sites, ages on freshwater swamp peat deposited over tidal-flat deposits loosely constrain uplift between A.D. 890 and 1410. A single age from a submerged tree south of the fault constrains subsidence to between A.D. 980 and 1190. 
IMPLICATIONS FOR SEISMIC HAZARDS POSED BY THE TACOMA FAULT
We conclude that coastal uplift and surface rupture along the Tacoma fault are the result of a large earthquake between A.D. 770 and 1160. The A.D. 770-1160 age range for a paleoearthquake on the Tacoma fault includes times of coseismic uplift and subsidence at many sites around Puget Sound. A wellknown earthquake raised shorelines as much as 7 m along the Seattle fault zone between A.D. 900 and 930 (Bucknam et al., 1992; Atwater, 1999) , and shores of southern Puget Sound subsided at A.D. 860-940 (Sherrod, 2001) . Therefore, either the Tacoma fault earthquake coincided with a single large event in A.D. 900-930, or it represents a separate earthquake of about that age. In either case, the Seattle and Tacoma fault zones likely ruptured at about the same time in the late Holocene to raise the Seattle uplift by several meters.
Our results show that the Tacoma fault is active and joins the Seattle fault on the list of shallow faults in the Seattle-Tacoma metropolitan area with Holocene movement. On the basis of geophysical mapping, the fault extends at least 50 km from Hood Canal to Tacoma. We conservatively estimate a maximum credible event on the Tacoma fault by comparing regressions of fault-rupture length and moment magnitude relationship (Wells and Coppersmith, 1994) . Under the assumption that the fault can rupture along its entire known length of 50 km, it is possible for the Tacoma fault to generate an earthquake on the order of M ϳ 7. Surface ruptures from shallow earthquakes are not known in the 170-yrlong historic period in Puget Sound, yet lidar mapping reveals several scarps on the Seattle and Tacoma fault zones (Nelson et al., 2002; Sherrod, 2002; Haugerud et al., 2003) . Recognizing that surface rupture occurs on shallow faults crossing urban areas in Puget Sound will help shape future seismic hazard plans and mitigation in the Seattle-Tacoma metropolitan region. 
